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ABSTRACT: Interligand charge transfer is examined in the novel
metallo-dithiolene complex MoO(SPh)2(

iPr2Dt
0) (where iPr2Dt

0 = N,N′-
isopropyl-piperazine-2,3-dithione). The title complex displays a remark-
able 70° “envelope”-type fold of the five-membered dithiolene ring, which
is bent upward toward the terminal oxo ligand. A combination of
electronic absorption and resonance Raman spectroscopies have been
used to probe the basic electronic structure responsible for the large fold-
angle distortion. The intense charge transfer transition observed at
∼18 000 cm−1 is assigned as a thiolate → dithione ligand-to-ligand charge
transfer (LL′CT) transition that also possesses Mo(IV) → dithione
charge transfer character. Strong orbital mixing between occupied and
virtual orbitals with Mo(x2−y2) orbital character is derived from a strong
pseudo Jahn−Teller effect, which drives the large fold-angle distortion to
yield a double-well potential in the electronic ground state.

■ INTRODUCTION

Mixed-ligand transition-metal complexes containing both
electron-rich (donor) and electron-poor (acceptor) ligands
can give rise to interesting and complex electronic structures.
The resulting asymmetric charge distribution in the electronic
ground state of these complexes can lead to interesting charge
transfer behavior, most notably the occurrence of low-energy
ligand-to-ligand charge transfer (LL′CT) excitations that
dramatically redistribute the charge density in excited states,
relative to the ground state. Dithiolene ligands have been
extensively used as donor ligands in the synthesis of complexes
that possess LL′CT and mixed-metal LL′CT (MMLL′CT)
transitions.1−7 These generalized donor−acceptor LL′CT
complexes display interesting photophysical processes related
to the formation of charge-separated excited states that formally
possess dithiolene radical (i.e., hole) and acceptor ligand radical
(i.e., electron) character. These properties include long-lived
photoluminescence lifetimes, highly tunable emission energies,
oxidative and reductive electron transfer quenching, and photo-
oxidation chemistry.1,8 Square planar mixed-ligand dithiolene
complexes possess LL′CT transitions that are often quite
intense (large transition dipole moment) due to good overlap
of the donor (D) and acceptor (A) ligands, and these LL′CT
absorptions often occur at low transition energies that extend
into the near-infrared (NIR) region of the optical spectrum.
Scheme 1 depicts the various dithiolene ligand forms that

may be encountered in noninnocent complexes with transition-
metal ions. The dianionic ene-1,2-dithiolate is a good σ- and π-
donor ligand that forms very covalent metal−ligand bonds.9 In

fact, the high degree of metal-dithiolene covalency, coupled
with the extended π-system of the dithiolene ligand, contributes
greatly to the observed noninnocent behavior in transition-
metal complexes that incorporate this ligand.10−12 Oxidized
radical ion forms of the dithiolene have been observed in
complexes that possess multiple dithiolene ligands,11−13 with
electron delocalization (i.e., ligand mixed-valency) contributing
to the stabilization of this form of the ligand.9 Rarer still are
complexes that employ the two-electron oxidized 1,2-dithione
form of the ligand,9 which possesses π-acceptor character and is
expected to stabilize lower-valent transition-metal ion com-
plexes.14−17 As a result of this rarity, there exists a dearth of
geometric and electronic structure studies on metallo-
monodithiolene complexes that possess the fully oxidized
form of the dithiolene ligand.
In this manuscript, we investigate a novel donor−acceptor

type Mo-dithiolene complex, MoO(SPh)2(
iPr2Dt

0) (Figure 1),
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Scheme 1. Dithiolene Ligand Forms
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where the dithiolene ligand is in the oxidized dithione form and
is intimately associated with a piperazine ring.18,19 Specifically,
we detail the synthesis, X-ray structure, and spectroscopy of this
complex, and we relate an unprecedented dithiolene ligand
folding distortion to its unique electronic structure. We find
that the large dithione ligand folding in this complex derives
from a vibronically induced distortion that results in increased
covalency in the folded geometry, and this allows for in-plane
occupied orbitals associated with the [(SPh)2MoO] fragment
of the molecule to donate electron density into an out-of-plane
unoccupied orbital localized on the (iPr2Dt

0) acceptor ligand
fragment.

■ EXPERIMENTAL SECTION
Materials. The chemicals were purchased from Aldrich Chemical

Co. or ACROS Chemical Company and were used without further
purification. Commercial-grade solvents were dried and purified using
a solvent purification system (Model SP-105, LC Technology
Solutions, Inc.) before use. Chloroform was dried and distilled over
CaH2. NMR spectra were collected on spectrometers (Bruker, Models
Avance 400 or Avance 500). Infrared (IR) spectra were recorded
either on a Perkin−Elmer Model FT-IR 1760X spectrometer or a
Nicolet 380 FT-IR (Thermo) spectrometer. Elemental analysis was
performed at Midwest Microlab, LLC (Indiana, IL). N,N′-isopropyl-
piperazine-2,3-dithione (iPr2Dt

0) and [MoOCl(iPr2Dt
0)2][PF6] were

synthesized according to literature procedures.20

Synthesis of MoO(SPh)2(
iPr2Dt

0) (1). The mixed-ligand complex,
MoO(SPh)2(

iPr2Dt
0) was synthesized via ligand exchange reaction

from the starting material [MoOCl(iPr2Dt
0)2][PF6]. To an acetonitrile

solution (60 mL) of 0.2 g (0.26 mmol) of [MoOCl(iPr2Dt
0)2][PF6], 2

equiv of an equimolar solution of benzenethiol and triethylamine in 3
mL of acetonitrile were added, changing the color of the solution from
blue to purple. After 1 h, the solution was dried under vacuum, and the
crude product was dissolved in a minimum amount of chloroform and
filtered to remove solid materials, if any. The filtrate was layered with
ether and kept cold (∼4 °C) overnight. The target compound was
recrystallized from acetonitrile−ether solution and the X-ray-quality
single crystals were filtered and the volume of the filtrate was reduced
and layered with ether again to obtain an additional crop of crystals.
Collected crystals weigh 0.056 g (yield: 37%). The complex is readily
soluble in acetonitrile and sparingly soluble in dichloromethane or
chloroform.
Anal. Calcd (experimental) for C22H28N2S4MoO: C, 47.13 (47.06);

H, 4.94 (5.03); N, 4.91 (5.00). 1H NMR (CD3CN): δ = 7.55(d, Ph,
2H); 7.26 (t, Ph, 4H); 7.16 (t, Ph, 4H), 4.73 (m, CH, 2H); 3.91 (m,
CH2, 2H); 3.61(m, CH2, 2H); 1.30 (d, CH3, 6H); 1.16 (d, CH3, 6H).
13C NMR (CDCl3): δ = 19.02 (CH3), 20.21(CH2), 41.81 (CH),
125.43, 127.66, 134.34 (Ph), 148.05 (CS). IR (neat) cm−1: 1568
(vs, (CS)−N), 1470 (vs, CS), 939 (vs, MoO). λmax, nm (ε,
M−1 cm−1) in CH3CN: 540 (7065), 344 (sh, 9828), 300 (sh, 13 400),
250 (26 100).
X-ray Structure Determination. X-ray quality single crystals of

MoO(SPh)2(
iPr2Dt

0) were obtained by slow diffusion of ether into
acetonitrile−ether solutions of the complex. A single crystal was
mounted on a glass fiber and intensities recorded on a Bruker SMART
Apex II diffractometer with a graphite monochromator for Mo Kα
radiation (λ = 0.71703 Å). A total of 11 144 reflections were collected
at 296 K; of those, 5657 reflections were independent and 3936
reflections satisfied the condition I > 2σ(I), and were used for
structure determination. A twining law was applied for data
reduction.21 Absorption correction was performed using the SADABS.
Based on the systematic absences XPREP determined space group, the
structure was solved with the space group R3 ̅ (rhombohedral crystal
system). The structure was solved using the Direct method
incorporated in SHELX-97. The structure was refined using full
matrix least-square method. All non-hydrogen atoms were refined
anisotropically while hydrogen atoms were added using the riding
model. A total of 3936 reflections were used to refine 276 parameters.

The structure was refined to R = 0.082 with a goodness of fit (GOF)
of 1.43. Details of the structure determination are listed in the
Supporting Information (Table S1).

Electronic Absorption Spectroscopy. Electronic absorption
spectra were collected on a double-beam Hitachi Model U-4100
UV-vis-NIR spectrophotometer capable of scanning a wavelength
region between 185 nm and 3300 nm. Room-temperature solution
spectra were collected in acetonitrile and butyronitrile, using a 1-cm-
path-length, black-masked, quartz cuvette (Starna Cells, Inc.) equipped
with a Teflon stopper. The instrument was calibrated with reference to
an internal 656.1 nm deuterium line, using the native Hitachi software.

Resonance Raman Spectroscopy. Samples for resonance Raman
spectroscopy were prepared by diluting them in a solid-state matrix
consisting of finely ground NaCl/Na2SO4 in an approximate 10:1 ratio
by weight. The combined compound and matrix mix were then ground
together again to achieve a uniform sample. These samples were then
placed into quartz capillary tubes, which were subsequently flame-
sealed and placed in a sample spinner assembly to minimize thermal
and photochemical degradation. Raman shifts were calibrated against
the 992 cm−1 band of the SO4

2− internal standard. Data were collected
using a 90° scattering geometry. The Raman scattered light was
focused onto the entrance slit of a PI/Acton Spectrapro SP-2500i 500
mm focal length spectrograph with a triple-grating turret mono-
chromator. A liquid-nitrogen cooled detector, PI/Acton Spec-10:100B
back-illuminated 1340×100 pixel digit CCD camera, was used in all
experiments. Coherent Innova Ar+ and Kr+ lasers were used as
excitation sources. The laser output was directed through Semrock
Maxline laser line filters in order to remove plasma lines, and Semrock
Razor Edge long-pass filters were utilized to eliminate dominant
contributions from the Rayleigh line. Laser power was measured at the
sample. In order to avoid photobleaching or thermal degradation of
the sample, low laser powers (∼15 mW for 407 nm, ∼20 mW for 458
and 488 nm, ∼25 mW for 514 nm, ∼35 mW for 568 nm, ∼50 mW for
647 nm) were utilized in combination with short exposure times.

Computational Details. Spin-restricted gas-phase geometry
optimizations and TDDFT calculations were performed at the density
functional theory (DFT) level, using Gaussian 03W.22 Full geometry
optimizations were performed in C1 and Cs symmetry with
qualitatively similar results. All Gaussian 03W calculations used the
B3LYP hybrid exchange-correlation functional. A 6-31G* basis set was
used for all atoms except for molybdenum, where a LANL2DZ basis
set was used in combination with an effective core potential. Fragment
molecular orbital analyses were performed using the program
AOMix.23

■ RESULTS AND DISCUSSION

X-ray Structure. The molecular structure of MoO-
(SPh)2(

iPr2Dt
0) has been determined by single-crystal diffrac-

tometry (Figure 1). A summary of crystallographic data and
selected metric parameters are listed in the Supporting
Information (Tables S1 and S2). The oxomolybdenum center
adopts a square pyramidal geometry coordinated by four sulfur
donors. Two sulfur donors derived from the N′,N-isopropyl-
piperazine-2,3-dithione ligand and two thiophenolato sulfur
donors complete the first coordination sphere. The Mo atom
lies 0.8 Å above the S4 plane. The MoO distance of 1.682 (2)
Å is consistent with MoO distances found in other
complexes. The Mo−S distances range from 2.381 to 2.415
Å, indicating that there are no significant differences between
the two types of sulfur donors (ca. thiolato and thione). The
observed Mo−S distances are within the range of Mo−S
(thiol)24,25 and Mo−S (thione)17,26 distances reported in the
literature.27,28 The CS (thione) distances are 0.06 Å shorter
than C−S (thiol) bond lengths in MoO(SPh)2

iPr2Dt
0. In

addition, there are two types of C−N distances observed in this
structure. The C(S)−N distances are shorter than the
C(−Cring)−N distances by ∼0.13 Å. The most striking feature
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of the structure is a remarkably large folding of the dithione
ligand away from the S4 plane toward the terminal oxo donor.
The fold angle (η) is defined as the angle between the planes
created by Mo and two S atoms from dithione ligand and the
plane created by the SC−CS dithione fragment. This large
fold angle of ∼70° is unique among all the structurally
characterized oxomolybdenum dithiolene complexes (Figure
2). The consequence of this rare geometric feature on the

electronic structure is enormous and results in low-energy
charge transfer features that are uncommon for a Mo(IV)
complex with a low-spin d2 electron configuration.
Bonding Interactions. The terminal oxo donor dominates

the ligand field of monoxomolybdenum complexes, and this
leads to a large destabilization of the Mo(4dz2) and
Mo(4dxz,4dyz) orbitals due to strong σ and π bonding
interactions within the MoO unit. In addition, the Mo(dxy)
orbital possesses a σ* interaction with the equatorial ligand set
and is also significantly destabilized to yield an (x2−
y2)2(xz,yz)0(xy)0(z2)0 electron configuration for d2 Mo(IV).
This results in high energy ligand-to-metal charge transfer
(LMCT) transitions to virtual Mo states, because of the large

destabilization of the four metal−ligand antibonding orbitals
primarily localized on Mo and the fact that the (x2−y2) orbital
is doubly occupied. Thus, the lowest energy LMCT transitions
will be to the unoccupied (dxz,yz) orbitals as they are the most
energetically accessible.
Phenylthiolate ligands form very covalent bonds with high-

valent oxomolybdenum centers25,29,30 and can donate appreci-
able electron density to vacant Mo orbitals via charge donation
from their highest energy-filled Sv and Sσ orbitals (see Figure S1
in the Supporting Information). Here, the Sv p-orbital is
oriented in the plane of the phenyl ring and the Sσ p orbital is
orthogonal to the phenyl ring plane. The third PhS− S p-orbital
is involved in S−C σ-bonding and therefore is unavailable for
appreciable Mo−S bonding interactions. In complexes with
metal ions, the Sv and Sσ orbitals can mix, and this leads to Sv

and Sσ orbital rotation about the S−C bond.
Metallo-dithiolene complexes are known to display a

complex redox interplay between the metal and the dithiolene
ligand, and this leads to the common description of dithiolenes
as noninnocent ligands.31,32 As mentioned above, these ligands
can exist in the dianionic dithiolate form, the one-electron
oxidized monoanion radical, or in the neutral two-electron
oxidized state (Scheme 1). A molecular orbital diagram for the
simple dianionic dithiolene [C2H2S2]

2−, depicting the occupied
frontier dithiolene ligand orbitals, is given in Figure 3.9 Here,

the symmetric and antisymmetric out-of-plane (Sop) p-orbitals
are denoted as φop

a′ and φop
a″, and the occupied symmetric and

antisymmetric in-plane (Sip) p-orbitals are denoted as φip
a′ and

φip
a″, using idealized Cs point symmetry. The superscripts a′

and a″ reflect the orbital symmetry with respect to a mirror
plane that is oriented perpendicular to the dithiolene plane and
bisecting both the S−S vector and the CC bond. Removal of
two electrons from the φip

a″ orbital of the dianionic dithiolene

Figure 1. Thermal ellipsoid plot (30%) (left) and corresponding bond
line drawing (right) for MoO(SPh)2(

iPr2Dt
0). The terminal oxo in the

bond line drawing has been removed for clarity.

Figure 2. A histogram of the oxomolybdenum dithiolene fold angles
determined by X-ray crystallography. A listing of the fold angles
associated with this histogram can be found in Table S3 in the
Supporting Information. The most common dithiolene fold angle is
∼12.5°, and the largest is ∼37°. Note that the 70° dithione fold angle
in MoO(SPh)2(

iPr2Dt
0) represents an extreme deviation from the

observed fold angles for reduced dithiolene ligands.
Figure 3. Comparison of dithiolene and iPr2Dt

0 dithione frontier
MOs. (Left) The four HOMOs for the dianionic dithiolene
(C2H2S2)

2−. Two-electron oxidation can yield the dithione form of
the ligand if electrons are removed from the dithiolene HOMO, and
the dithiete form of the ligand if electrons are removed from the
HOMO−1 orbital. (Right) Corresponding MOs for the iPr2Dt

0 ligand.
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leads to the dithiete resonance form,33 while removal of two
electrons from the φop

a′ orbital results in the dithione
resonance form (Figure 3 (right) and Scheme 1). Since the
φip

a″ orbital can form σ bonds with the metal d(xy) orbital,
removal of two electrons from φip

a″ results in a ligand that is a
very poor donor to the metal. In marked contrast, the removal
of two electrons from φop

a′ results in a strong π-acceptor ligand,
and this increases bonding interactions with electron-rich
oxidizable metals such as d2 Mo(IV). The highest energy
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the iPr2Dt

0 ligand are also shown
in Figure 3 for comparison with the simple dithiolene
(C2H2S2)

2−. Here, the LUMO of the iPr2Dt
0 ligand is the

φop
a′ orbital, indicating that the iPr2Dt

0 ligand in MoO-
(SPh)2(

iPr2Dt
0) is fully oxidized and in the dithione resonance

form. Thus, the iPr2Dt
0 ligand is expected to be a σ-donor, and

strong π-acceptor ligand due to the low-lying empty φop
a′

orbital. In combination with the electron-rich Mo(IV) center
and the strongly electron-donating PhS− ligands, this leads to
the possibility of low energy PhS− (L) → dithione (L′) ligand-
to-ligand charge transfer (LL′CT) transitions.
Bonding calculations reveal the valence MO diagram for

MoO(SPh)2(
iPr2Dt

0) depicted in Figure 4. Here, the LUMO is

of a′ symmetry (idealized Cs) and possesses both Mo(x2−y2)
and iPr2Dt

0 φop
a′ ligand LUMO character. The HOMO also

has a′ symmetry and possesses opposite phase contributions
from Mo(x2−y2) and the iPr2Dt

0 ligand LUMO, in addition to
an a′ symmetry adapted linear combination (SALC) deriving
from the (PhS−)2 ligand set. Orbitals HOMO−1 through
HOMO−4 are dominantly (PhS−)2 ligand-based, as expected
from their electron-donating nature. The a′ HOMO−2 also
possesses some Mo(x2−y2) orbital character. Molybdenum-
based orbitals lying above the LUMO (not shown) include the

Mo(xz) and Mo(yz) orbitals that possess extensive MoO π*
antibonding character.
The electron acceptor character of the iPr2Dt

0 ligand is more
fully revealed in a fragment molecular orbital analysis of
MoO(SPh)2(

iPr2Dt
0). In Figure 5, we display the key

interactions between the [(SPh)2MoO] a′ HOMO donor
fragment and the a′ LUMO and HOMO−1 orbitals of the
iPr2Dt

0 acceptor. Here, a large F1 HOMO → F2 LUMO
donor−acceptor interaction is readily apparent in the ligand
folded geometry that serves to stabilize the HOMO of the
MoO(SPh)2(

iPr2Dt
0) complex (Figure 5, center). In the

absence of any dithione ligand folding, we observe a marked
67% reduction in the F2 LUMO character present in the
HOMO of the complex, indicating a decrease in the acceptor
capability of the iPr2Dt

0 ligand at this planar reference
geometry.

Spectroscopy and Band Assignments. The Gaussian-
resolved room-temperature electronic absorption spectrum for
MoO(SPh)2(

iPr2Dt
0) in acetonitrile is presented in Figure 6.

Figure 4. Valence molecular orbital diagram for MoO(SPh)2(
iPr2Dt

0)
in idealized Cs symmetry. Filled MOs are denoted in black and the
virtual LUMO is depicted in red. Relative energy spacings are
qualitative.

Figure 5. Fragment molecular orbital diagram for MoO-
(SPh)2(

iPr2Dt
0) in idealized Cs symmetry. With respect to the

MoO(SPh)2(
iPr2Dt

0) HOMO, the dithione (F2) LUMO possesses
dominant π acceptor character. The F1 and F2 fragment MO
contributions to the molecular HOMO and LUMO are given in red.
In the absence of any dithione ligand folding (blue), the dithione
acceptor character is reduced by 2/3.

Figure 6. Gaussian-resolved room-temperature electronic absorption
spectrum of MoO(SPh)2(

iPr2Dt
0) in acetonitrile.
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The lowest energy absorption maximum occurs at ∼18 200
cm−1 (ε = 7063 M−1 cm−1). This band is distinctly non-
Gaussian; with a low-energy tail that indicates at least one other
excitation contributing at energies lower than ∼18 000 cm−1.
Higher energy bands are present at ∼23 000 cm−1 and at
∼29 000 cm−1. The magnitude of the extinction coefficients for
these bands strongly supports a charge transfer origin for the
observed transitions. Ligand field excitations are difficult to
observe in oxo-molybdenum dithiolene complexes, because of
their inherently low oscillator strengths, when compared to
even the weakest spin-allowed charge-transfer bands. Thus, we
only expect to observe charge-transfer transitions in the
electronic absorption spectrum. There are four linear
combinations of doubly occupied PhS− frontier donor orbitals,
and these derive from the Sv and Sσ orbitals on the two PhS−

ligands. In addition, the Mo(x2−y2) orbital is doubly occupied.
Together, these mix to form the five highest energy occupied
orbitals in MoO(SPh)2(

iPr2Dt
0). Thus, we can anticipate five

low-energy charge-transfer transitions that originate from one-
electron promotions involving these filled HOMOs to the
iPr2Dt

0 LUMO.
We have collected solid-state resonance Raman spectra for

MoO(SPh)2(
iPr2Dt

0) and the spectrum collected using 488 nm
excitation is shown in Figure S2 in the Supporting Information.
Computationally assisted Raman vibrational assignments are
listed in Table 1, and the description of these modes are
graphically displayed in Figure S3 in the Supporting
Information. Four vibrational bands are clearly observed at
frequencies below ∼500 cm−1 (ν25, ν31, ν35/ν36, and ν37). The
ν25 mode is assigned as the MoO wag, and each of the other
low-frequency modes also possess a MoO wagging
component, to varying degrees. The ν31 mode possesses
dithione C−S−S-C bending character. The ν35/ν36 modes
occur at similar frequencies and possess dithione (ν35) and
thiolate (ν36) S−Mo−S stretching character, respectively, in
addition to dithione ring folding. The ν37 mode also possesses a
dithione S−Mo−S stretching component, in addition to ring
folding and C−N stretching motions. The characteristic Mo
O stretch is observed at 945 cm−1.
Resonance Raman excitation profiles have been constructed

for these low-frequency vibrational modes in order to make
assignments for the individual bands present in the electronic
absorption spectrum, and to develop insight into the electronic
structure of MoO(SPh)2(

iPr2Dt
0). Resonance Raman enhance-

ment profiles for the 378 cm−1 S−Mo−S/Mo-dithione
stretching and the 945 cm−1 MoO stretching modes are
shown in Figure 7. The Raman enhancement profiles for the
other low-frequency modes essentially mirror that of the 378
cm−1 mode. Interestingly, the resonance Raman profiles for
these modes display orthogonal resonance enhancement
patterns, with the low-frequency Mo−S modes being
resonantly enhanced under the ∼18 000 cm−1 band and the

MoO stretch being enhanced with optical excitation at
higher energies. We have previously used this orthogonal
enhancement spectroscopic signature to assign electronic
transitions to the Mo(x2−y2) and Mo(xz,yz) acceptor orbitals
in oxomolybdenum complexes.34,35 In MoO(SPh)2(

iPr2Dt
0),

resonance enhancement of the Mo-dithione S−Mo−S
stretching mode is anticipated for transitions from filled thiol
and Mo(x2−y2)-based MOs to the dithione-based LUMO,
which also possesses in-plane Mo(x2−y2) character. Resonance
enhancement of the MoO stretch is anticipated for
transitions to the higher energy Mo(xz,yz) virtual orbital set
since the Mo(xz,yz) orbitals possess MoO π* character and
electron occupation of MoO π*-orbitals will result in large
excited-state distortions along the MoO bond. In accord with
the frontier molecular orbital diagram in Figure 4, the lowest-
energy charge-transfer bands involve one-electron promotions
to the a′ Mo-dithione acceptor orbital with excited-state
distortions along dithiolate/dithione modes, while higher-
energy charge-transfer transitions involve one-electron promo-
tions to the Mo(xz,yz) orbital set with excited-state distortions
along the MoO bond. Thus, a combination of electronic
absorption and resonance Raman spectroscopic data, coupled
with time-dependent density functional theory (TDDFT)
calculations, and comparisons to previously assigned spectra
for Tp*MoO(dithiolene) complexes,31,32,35−37 allow for a
reasonable assignment (Table 2) of the Gaussian-resolved
optical bands presented in Figure 6. Bands 1−4 are assigned as
LL′CT transitions that are derived from thiolate → dithione
one-electron promotions and band 5 is assigned as a Mo(x2−
y2) → dithione MLCT transition with appreciable LL′CT

Table 1. Selected Vibrational Modes

Frequency (cm−1)

mode expt calc assignmenta

ν25 237 235 Mo-oxo wag
ν31 286 288 Mo-oxo wag + C−S−S−C bend

ν35/ ν36 362 349/356 S−Mo−S stretch (dithione)/S−Mo−S stretch (thiolate) + ring folding
ν37 378 384 S−Mo−S stretch (dithione) + ring C−N stretch (dithione) + ring folding
ν81 945 996 MoO stretch

aTotally symmetric vibrational modes in idealized Cs symmetry.

Figure 7. Resonance Raman profiles for the 378 cm−1 S−Mo−S
stretch (dithione) + ring C−N stretch (dithione) mode, (red circles)
and the 945 cm−1 MoO stretch (blue circles). The resonance
enhancement patterns indicate that CT transitions to the MoO d−p
π*-orbitals occur at higher energy than LL′CT transitions to the
iPr2Dt

0 ligand LUMO.
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character. The resonance profiles allow bands 6−8 to be
assigned as SPh → MoO π* transitions.
Thus, MoO(SPh)2(

iPr2Dt
0) represents a remarkable example

of a complex that displays intense LL′CT transitions in the
visible region of the spectrum that are derived from a high
degree of donor−acceptor orbital mixing. The dramatic folding
of the dithione ligand is a direct consequence of strong mixing
between the A′ ground state and low-lying A′ LL′CT states
with HOMO → LUMO and HOMO−2 → LUMO charge-
transfer character. The dithione folding allows for strong orbital
overlap between the in-plane Mo(x2−y2) orbital and the
unoccupied out-of-plane φop

a′ dithione acceptor orbital,
providing a mechanism for a high degree of [(SPh)2-Mo(x2−
y2) → dithione charge donation and increased Mo−dithione
covalency. Interestingly, the direction of the ligand/Mo(x2−y2)
→ dithione charge transfer is opposite the dithiolene →
Mo(x2−y2) charge donation observed in higher-valency
monooxo-molybdenum dithiolene complexes where the Mo-
(x2−y2) acceptor orbital is either partially or completely
unoccupied.35,36 For these higher-valency oxomolybdenum
dithiolenes, dithiolene→Mo(x2−y2) LMCT character admixed
into the ground state is responsible for dithiolene ligand folding
(Figure 2).35,38−41

Vibronic Instability and Increased Covalency. Approx-
imately 95% of the oxomolybdenum dithiolene fold angles
observed to date are less than ∼20°, with the largest observed
fold angle being ∼37° 42 (see Figure 2). This stands in marked
contrast to the observed 70° fold angle observed here for
MoO(SPh)2(

iPr2Dt
0) (Figure 1). In 1976, Lauher and

Hoffmann predicted that a large ligand folding would be
possible for d2 metal centers (e.g., Ti(II), Mo(IV)) coordinated
by neutral dithiolene (i.e., dithione) ligands.43 However, the
observation of a large dithione ligand folding in the presence of
a d2 metal center had not been realized until now in
MoO(SPh)2(

iPr2Dt
0). Given the relatively small fold angles in

oxomolybdenum dithiolenes that possess dominant dithiolene
→ Mo(x2−y2) LMCT,35,42 the potential for very large fold-
angle distortions seems to be greater for dithione acceptor
ligands in the presence of a d2 metal center, particularly when
strong electron-donating (e.g., thiolate) ligands are bound to
the metal and oriented opposite the dithione acceptor ligand.
With respect to understanding the implications of the

extremely large dithione ligand folding and fragment 1 (F1)
HOMO → fragment 2 (F2) LUMO donor−acceptor
interaction on the electronic structure of MoO(SPh)2(

iPr2Dt
0),

we have plotted the energies of the three a′ frontier molecular
orbitals, as a function of the fold angle (η) in Figure 8. The
effects of the ligand folding are dramatic and clearly point
toward strong HOMO − LUMO orbital mixing in the

electronic ground state. The symmetry of the closed-shell
ground state and the singlet excited state that derives from a
HOMO → LUMO one-electron promotion are both A′ in the
Cs symmetry of the complex. Thus, these states can mix by
symmetry but may also be vibronically coupled via totally
symmetric a′ normal modes. The only source of the structural
instability that can lead to dramatic fold angle distortions from
the more planar reference, or high-symmetry, configuration of
the nondegenerate A′ ground state is the pseudo-Jahn−Teller
(pJT) effect.44,45 We adopt a modified two-state model to
illustrate our point. Assuming that only the totally symmetric
folding coordinate (Q) mixes the ground and excited states, the
resulting state energies are given by

Δ − −

−Δ + −
=

V Q E V Q

V Q VQ E
0

ii ij

ji ii (1)

where 2Δ is the energy gap between the states, Vii the diagonal
linear vibronic coupling constant, Q the folding coordinate, and
Vij the off-diagonal linear vibronic coupling constant (Vij = Vji).
The solutions (Ei) are given by

= ± Δ − Δ + +E V Q V Q V Q2v
ii ii ij

2 2 2 2 2
(2)

This leads to adiabatic potential energy surfaces (APES) for
the ground and excited states that are described by

= ± Δ − Δ + +±E K Q V Q V Q V Q
1
2

2 ii ii ij0
2 2 2 2 2 2

(3)

where the force constant (K0) is assumed to be the same in
both the ground and excited states. The diagonal linear
coupling terms (ViiQ) describe the distorting forces in the
ground and excited states along Q, but they do not mix these
states. The vibronic interstate mixing is controlled by the
magnitudes of Vij and Δ, and a strong pJT effect is present
when Vij

2/K0 > Δ, leading to two minima on the lower APES.
An example of the strong pJT effect where Vii ≠ 0 is given in
Figure 9. Importantly, a nonzero value for ViiQ will result in
dif ferent potential energy minima in the ground and excited
states (i.e., different fold angle distortions) and the two minima
in the ground state APES possessing different energies. The
reference configuration is defined as the point on the APES
were dV/dQ = 0 and the second derivatives, d2V/dQ2, are
either positive or negative. Although d2V/dQ2 may be either

Table 2. Electronic Absorption Band Assignments Based on
Density Functional Theory (DFT) Computations and
Resonance Raman Profiles

band energy (exp) assignment

1 12 900 SPh → L′(LUMO)
2 12 900 SPh → L′(LUMO)
3 17 500 SPh → L′(LUMO)
4 18 800 SPh → L′(LUMO)
5 20 800 Mo(x2−y2) → L′(LUMO)
6 23 300 SPh → Mo(xz)
7 26 100 SPh → Mo(yz)
8 29 000 SPh → Mo(xz)

Figure 8. MoO(SPh)2(
iPr2Dt

0) frontier MOs of a′ symmetry,
depicting the energetic effects of strong orbital mixing, as a function
of the dithione S−S fold angle.
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positive or negative, in the strong pJT limit d2V/dQ2 < 0 at the
reference configuration. This results in the appearance of a
double potential well in the APES along the fold coordinate.
For the equilibrium (minimum energy) geometry of the
nondegenerate ground state, one has dV/dQ = 0 and d2V/dQ2

> 0.
Figure 10 shows the results of a DFT scan of the ground-

state total energy, as a function of the totally symmetric

dithione ligand folding coordinate, and provides additional
strong evidence for a strong pJT-type distortion46 being
operative of the ground state of MoO(SPh)2(

iPr2Dt
0). As

predicted from eq 3, we observe a double minimum in the
ground-state potential energy surface (PES) (Figure 10) with a
singular point of instability at a fold angle of 9°. Increased Mo-
dithione orbital overlap in MoO(SPh)2(

iPr2Dt
0) results from

this vibronically induced distortion along the totally symmetric
bending coordinate. Thus, the bending of the dithione π
acceptor ligand drives an increase in Mo-dithione covalency,
which results in a concomitant lowering of the total energy of
the system. The strong pJT effect results in MoO-
(SPh)2(

iPr2Dt
0) possessing ground-state electronic bistability,

with local and global minima along the fold coordinate. In
marked contrast to the ground-state APES, the excited-state
APES described by a HOMO → LUMO one-electron

promotion is not subject to a strong pJT configurational
instability and will possess markedly less pronounced ligand
folding. We estimate an ∼20° ligand fold angle in this singlet
HOMO → LUMO excited state from the computed minimum
geometry of the 3A′ LL′CT excited state. The ∼10° difference
between the excited-state minimum and the ground-state
reference configuration (point of instability in the ground-state
APES) and the 2.7 kcal/mol energy difference in the two
minima of the ground-state APES result from Vii ≠ 0.

■ CONCLUSIONS
The metallo-dithiolene complex MoO(SPh)2(

iPr2Dt
0) has been

synthesized and characterized by a combination of X-ray
crystallography, electronic absorption spectroscopy, and
resonance Raman spectroscopy, and these data have been
interpreted in the context of detailed bonding and spectro-
scopic calculations. The most striking feature of MoO-
(SPh)2(

iPr2Dt
0) is revealed by X-ray crystallography, which

showed that the complex displayed an extremely large sulfur
fold angle (η = 70°) distortion with the dithione ligand folding
up toward the terminal oxo. We have shown this ligand folding
to derive from strong orbital mixing between occupied and
virtual molecular orbitals of a′ symmetry that possess mixed
Mo(dx2−y2), PhS−, and dithione orbital character. From a state
perspective, the dramatic ligand folding is the result of a strong
pseudo-Jahn−Teller (pJT) effect with vibronic coupling
between the A′ ground state and low-lying A′ LL′CT excited
states. The ligand folding distortion leads to an increase in the π
acceptor ability of the dithione and the onset of new covalency.
The interstate vibronic coupling warps the ground-state APES
to create a bistable electronic ground state; this is a key
electronic structure feature for molecular switching devices.
Thus, the general electronic flexibility of metallodithiolenes has
been fully exploited here to create a complex that displays
unusual low-energy LL′CT transitions, and we have used these
spectral features to directly probe the nature of the strong SPh
→ dithione charge donation which stabilizes the pJT distorted
ground state in MoO(SPh)2(

iPr2Dt
0). Such strong LL′CT D→

A character is typically observed in planar mixed-ligand
metallodithiolene complexes,4,8,14,18 where the coplanar nature
of the donor and acceptor ligands provided an ideal π orbital
pathway for strong D → A charge transfer. We have shown
here that this idea can be extended to nonplanar systems when
there exists a large acceptor ligand fold angle distortion that
allows for in-plane orbitals of the donor to interact strongly
with an out-of-plane orbital on the acceptor ligand. The
similarities between ligand/Mo(dx2−y2) → dithione and
dithiolene → Mo(dx2−y2) charge donation may result in fold
angle distortions in oxomolybdenum complexes when the Mo
ion is in the +4, + 5, or +6 oxidation state.
Dithiolene ligands are also found in biology as a vital

component of the molybdenum cofactor (Moco), where the
dithiolene chelate is part of a complex pyranopterin dithiolene
ligand.47−49 When the dithiolene ligand is in the fully reduced
1,2-dithiolate form, it functions as a good electron donor. Very
recently, it was shown that the pyranopterin dithiolene ligand in
enzymes displays a range of nonplanar distortions that could be
associated with protein function.47 Furthermore, it was
suggested that these nonplanar distortions might arise from
different oxidation states of the pyranopterin dithiolene
ligand.47 The pyranopterin dithiolene ligand found in Mo and
W enzymes possesses a piperazine ring similar to that found in
the iPr2Dt

0 ligand of MoO(SPh)2(
iPr2Dt

0). We have shown

Figure 9. APES in the limit of a strong pseudo-Jahn−Teller (pJT)
effect in the two-state approximation according to eq 3.

Figure 10. Total energy as a function of the dithione S−S fold angle.
The observation of a double minimum in the ground-state potential
energy surface indicates the presence of a strong pJT distortion that
results from vibronic mixing between the ground state and at least one
additional excited state of the same symmetry.
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that these ring systems, in conjunction with the dithiolene,
afford additional redox possibilities and these may play a role in
the enzymes.20,31,32 Interestingly, the Mo(IV)-dithione/Mo-
(VI)-dithiolene couple constitute a valence tautomeric system.
Thus, the determination of Mo and dithiolene oxidation states
from molybdoenzyme protein crystallography may not be
straightforward if the pyranopterin dithiolene chelate in the
enzymes can exist in different oxidation states.47
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